We examine the effect of small amounts of magnetic substituents in the A sites of the frustrated spinels MgCr2O4 and ZnCr2O4. Specifically we look for the effects of spin and lattice disorder on structural changes accompanying magnetic ordering in these compounds. Substitution of Co 2+ on the non-magnetic Zn 2+ site in Zn1−xCoxCr2O4 where 0 < x ≤ 0.2 completely suppresses the spinJahn-Teller distortion of ZnCr2O4 although these systems remain frustrated, and magnetic ordering occurs at very low temperatures of T < 20 K. On the other hand, the substitution of Jahn-Teller active Cu 2+ for Mg 2+ and Zn 2+ in Mg1−xCuxCr2O4 and Zn1−xCuxCr2O4 where 0 < x ≤ 0.2 induce Jahn-Teller ordering at temperatures well above the Néel temperatures of these solid solutions, and yet spin interactions remain frustrated with long-range magnetic ordering occurring below 20 K without any further lattice distortion. The Jahn-Teller distorted solid solutions Mg1−xCuxCr2O4 and Zn1−xCuxCr2O4 adopt the orthorhombic F ddd structure of ferrimagnetic CuCr2O4. Total neutron scattering studies of Zn1−xCuxCr2O4 suggest that there are local AO4 distortions in these Cu 2+ -containing solid solutions at room temperature and that these distortions become cooperative when average structure distortions occur. Magnetism evolves from compensated antiferromagnetism in MgCr2O4 and ZnCr2O4 to uncompensated antiferromagnetism with substitution of magnetic cations on the non-magnetic cation sites of these frustrated compounds. The sharp heat capacity anomalies associated with the first-order spin-Jahn-Teller transitions of MgCr2O4 and ZnCr2O4 become broad in Mg1−xCuxCr2O4, Zn1−xCoxCr2O4, and Zn1−xCuxCr2O4 when x > 0. We present a temperature-composition phase diagram summarizing the structural ground states and magnetic properties of the studied spinel solid solutions.
We examine the effect of small amounts of magnetic substituents in the A sites of the frustrated spinels MgCr2O4 and ZnCr2O4. Specifically we look for the effects of spin and lattice disorder on structural changes accompanying magnetic ordering in these compounds. Substitution of Co 2+ on the non-magnetic Zn 2+ site in Zn1−xCoxCr2O4 where 0 < x ≤ 0.2 completely suppresses the spinJahn-Teller distortion of ZnCr2O4 although these systems remain frustrated, and magnetic ordering occurs at very low temperatures of T < 20 K. On the other hand, the substitution of Jahn-Teller active Cu 2+ for Mg 2+ and Zn 2+ in Mg1−xCuxCr2O4 and Zn1−xCuxCr2O4 where 0 < x ≤ 0.2 induce Jahn-Teller ordering at temperatures well above the Néel temperatures of these solid solutions, and yet spin interactions remain frustrated with long-range magnetic ordering occurring below 20 K without any further lattice distortion. The Jahn-Teller distorted solid solutions Mg1−xCuxCr2O4 and Zn1−xCuxCr2O4 adopt the orthorhombic F ddd structure of ferrimagnetic CuCr2O4. Total neutron scattering studies of Zn1−xCuxCr2O4 suggest that there are local AO4 distortions in these Cu 2+ -containing solid solutions at room temperature and that these distortions become cooperative when average structure distortions occur. Magnetism evolves from compensated antiferromagnetism in MgCr2O4 and ZnCr2O4 to uncompensated antiferromagnetism with substitution of magnetic cations on the non-magnetic cation sites of these frustrated compounds. The sharp heat capacity anomalies associated with the first-order spin-Jahn-Teller transitions of MgCr2O4 and ZnCr2O4 become broad in Mg1−xCuxCr2O4, Zn1−xCoxCr2O4, and Zn1−xCuxCr2O4 when x > 0. We present a temperature-composition phase diagram summarizing the structural ground states and magnetic properties of the studied spinel solid solutions. Triangular lattice topologies are at the center of complex ground states in functional oxides as has been shown in the charge ordered triangular metallic AgNiO 2 where charge ordering rather than a Jahn-Teller distortion lifts orbital degeneracy 1 and in geometrically frustrated spin systems such as ZnCr 2 O 4 where magnetic ordering is accompanied by a lattice distortion. 2 The ground states of the canonical spin frustrated systems ACr 2 O 4 (A = Mg, [3] [4] [5] [6] Zn, 2,6-8 Cd, 5,9,10 and Hg 11 ) have been extensively explored. To understand the degenerate ground states of ACr 2 O 4 spinels, the effect of spin disorder on the magnetic properties of these systems has been investigated; spin disorder is introduced by substituting magnetic ions on the non-magnetic A sublattice of these materials. [12] [13] [14] Similarly, the effect of low concentrations of magnetic vacancies on the Cr sublattice of ZnCr 2(1−x) Ga 2x O 4 has been studied showing that the freezing temperature of these systems for small x is independent of the spin vacancy concentration. 15 However, the effect of spin and lattice disorder on the structural ground states of the canonical frustrated systems MgCr 2 O 4 and ZnCr 2 O 4 has so far not been studied.
Here, we study magnetic ordering and correlated or uncorrelated structual changes in MgCr 2 O 4 and ZnCr 2 O 4 when low concentrations of magnetic cations are substituted on the non-magnetic A site. MgCr 2 O 4 and ZnCr 2 O 4 are ideal candidates for the present study as they are: (i) Strongly frustrated with expected ordering temperatures of about 400 K yet suppressed antiferromagnetic ordering occurs below 15K 16 (ii) Their structural and magnetic ground states are strongly coupled with a lattice distortion occurring concomitantly with antiferromagnetic ordering.
2,3,6 (iii) Finally, Cr 3+ 3d 3 strongly prefers the octahedral site where it has a nondegenerate electronic configuration thus enabling compositional variation only on the tetrahedral A site. The effect of spin disorder on the structural ground states of ZnCr 2 O 4 is investigated by substituting magnetic Co
2+
with a tetrahedral ionic radius of 0.58Å for Zn 2+ which has an ionic radius of 0.6Å in tetrahedral coordination. 17 The similarity in ionic radii between Co 2+ and Zn 2+ minimizes the effects of lattice distortion while allowing us to probe the effect of dilute A site spins on the structural ground states of ZnCr 2 O 4 . Jahn-Teller active Cu 2+ with an ionic radii of 0.57Å is introduced to the A sites of MgCr 2 O 4 and ZnCr 2 O 4 to study the effect of both structural and spin disorder on the structural ground states of these systems. 17 Mg 2+ has a Shannon-Prewitt ionic radius of 0.57Å in tetrahedral coordination.
17
This study is enabled by variable-temperature highresolution synchrotron X-ray diffraction, which is a powerful tool for investigating the coupling of spin and lattice degrees of freedom in magnetic oxides. For example, it has been used to show that exchange striction drives further distortions to orthorhombic symmetry in the already Jahn-Teller distorted tetragonal spinels NiCr 2 O 4 and CuCr 2 O 4 .
18 Similarly, high-resolution synchrotron X-ray diffraction revealed phase coexistence in the spinJahn- • C and 1000
• C for 10 hours as reported by Shoemaker and Seshadri. 20 Powders of Zn 1−x Cu x Cr 2 O 4 were prepared from stoichiometric amounts of ZnO, CuO, and Cr 2 O 3 that were ground, pressed into pellets, and calcined at 800
• C for 12 hours. These samples were reground, pressed into pellets, and annealed at 1000
• C for 48 hours followed by further annealing at 800
• C for 12 hours.
Stoichiometric powders of Zn 1−x Co x Cr 2 O 4 were prepared from CoC 2 O 4 .2H 2 O, ZnO, and Cr 2 O 3 . These powders were mixed, pressed into pellets, and calcined at 800
• C for 12 hours. The samples were then reground, pressed into pellets, and annealed at 1150
• C for 12 hours followed by further annealing at 800
• C for 24 hours. Samples were structurally characterized by high-resolution (δQ/Q ≤ 2 ×10 −4 ) variable-temperature (6 K ≤ T ≤ 300 K) synchrotron X-ray powder diffraction at beamline 11BM at the Advanced Photon Source, Argonne National Laboratory. Diffraction patterns were fit to structural models using the Rietveld method as implemented in the EXPGUI/GSAS software program.
21,22
Crystal structures are visualized using the program VESTA. 23 Magnetic properties were measured using the Quantum Design MPMS 5XL superconducting quantum interference device (SQUID). Heat capacity measurements were performed using a Quantum Design Physical Properties Measurement System. Time-of-flight neutron scattering data was collected on the NPDF instrument at Los Alamos National Laboratory. The neutron pair distribution function (NPDF) with a maximum Q of 35Å was processed using the PDFGETN program.
24
Least squares refinement of the NPDFs was performed using PDFGUI.
25

II. RESULTS AND DISCUSSION
A. Zn1−xCoxCr2O4 
30,33
In addition, the dielectric constant shows magnetic field dependence below 95 K. 33 We examine the changes in structural ground states of ZnCr 2 O 4 when 10% and 20%
Co
2+ cations are substituted on the non-magnetic Zn At room temperature, the prepared compounds Zn 1−x Co x Cr 2 O 4 where x ≤ 0.2 are cubic spinels in the space group F d3m ( Fig. 1 and (Table I) .
Antiferromagnetic order in ZnCr 2 O 4 occurs concurrently with a structural distortion (middle panel of Fig.  2 ). The structural ground state of ZnCr 2 O 4 has been extensively investigated and a recent report from our group shows that the spin-Jahn-Teller phase of ZnCr 2 O 4 is best described by the combination of tetragonal I4 1 /amd and orthorhombic F ddd space groups. 6, 8, 27 While ZnCr 2 O 4 exhibits a clear lattice distortion at the Néel temperature, the cubic F d3m (800) reflection for samples x = 0.1 and x = 0.2 shows no divergence illustrating the complete suppression of long-range structural distortion in these materials. As a result, the average nuclear structures of Zn 0. need for a long range structural distortion. It is also plausible that random Co-O-Cr superexchange interactions could be disrupting the coherency of Cr-Cr exchange coupling paths thus inhibiting spin-Jahn-Teller distortions in Zn 0. We examine the effect of both spin and lattice disorder on the spin-Jahn- 34 MgCr 2 O 4 is a frustrated antiferromagnet, and its transition to an ordered magnetic state at T N = 12.9 K is accompanied by a structural distortion.
3,4
The spin-Jahn-Teller distorted phase of MgCr 2 O 4 had been previously described by the tetragonal I4 1 /amd structure, 3,4 but we have recently shown that this system consists of coexisting tetragonal I4 1 /amd and orthorhombic F ddd phases.
6 CuCr 2 O 4 is ferrimagnetic, with magnetic Cu 2+ and Cr 3+ sublattices contributing to a non-collinear magnetic structure where two canted Cr 3+ sublattices yield a magnetic moment that is partially compensated by the Cu 2+ sublattice at T N = 135 K. 35 In addition to the high temperature JahnTeller driven cubic-tetragonal phase transition, CuCr 2 O 4 undergoes yet another structural distortion from tetragonal I4 1 /amd to orthorhombic F ddd symmetry near 130 K due to magnetostructural coupling.
18
The prepared spinel solid solutions Mg 1−x Cu x Cr 2 O 4 where x ≤ 0.2 are cubic with the space group F d3m at room temperature [ Fig. 4 (a) (Table II) figure 5 shows the splitting of the coincident (731) and (553) with increase in Cu 2+ content, occurring at higher temperatures and involving larger lattice distortions ( Fig. 8 (f) ] over the temperature range were structural and magnetic changes take place.
We further explore the structural distortions of Zn 0.8 Cu 0.2 Cr 2 O 4 by performing sequential Rietveld refinements from the high temperature cubic phase to the low temperature orthorhombic phase. The cubic lattice constant diverges into three independent orthorhombic FIG. 9: (Color online) Synchrotron powder diffraction patterns of Zn0.9Cu0.1Cr2O4 (a) and Zn0.8Cu0.2Cr2O4 (d) collected near 6 K and indexed to the orthorhombic space group F ddd. Data is shown in black, the model is in orange while the difference is in blue. The high temperature coincident cubic F d3m reflections (511) and (333) shown in (b) for Zn0.9Cu0.1Cr2O4 and in (e) for Zn0.8Cu0.2Cr2O4 are split at lower temperatures following the cubic to orthorhombic lattice distortion. These low temperature reflections as indexed to the orthorhombic F ddd structure are shown in (c) and (f) for Zn0.9Cu0.1Cr2O4 and Zn0.8Cu0.2Cr2O4 respectively. lattice parameters at 110 K [ Fig. 10 (a) (Color online) The spinel structure of Zn0.8Cu0.2Cr2O4 in the cubic F d3m phase near 300 K and in the orthorhombic F ddd phase near 6 K are shown in (a) and (b) respectively.
Edge sharing CrO6(blue) octahedra are corner connected to (Zn/Cu)O4(grey) tetrahedra. The shared (Zn/Cu) atomic site is shown in grey(Zn atomic fraction) and dark red(Cu atomic fraction). The ideal tetrahedral angle of 109.54
• observed in the cubic phase(a) of Zn0.8Cu0.2Cr2O4 is distorted to two angles of 111.898
• and 105.99
• in the orthorhombic phase(b); the (Zn/Cu)O4(grey) tetrahedra appear more flattened in the orthorhombic phase(b) filling the tetrahedral voids between the CrO6 octahedra while small gaps can be seen between the(Zn/Cu)O4(grey) tetrahedra and the CrO6(blue) octahedra in the cubic phase(a) of Zn0.8Cu0.2Cr2O4. compared to CuCr 2 O 4 is attributed to poor connectivity between CuO 4 tetrahedra. Dilute randomly distributed CuO 4 tetrahedra in the solid solutions results in average distortions in all axes of the unit cell and hence these systems adopt orthorhombic symmetry in the Jahn-Teller phases. Group-subgroup relations show that structural distortion from cubic F d3m to orthorhombic F ddd symmetry goes through an intermediate tetragonal I4 1 /amd space group. It is plausible that the Jahn-Teller ordering systems Mg 1−x Cu x Cr 2 O 4 and Zn 1−x Cu x Cr 2 O 4 quickly go through the tetragonal I4 1 /amd structure before adopting the orthorhombic structure. A similar cubic F d3m to orthorhombic F ddd lattice distortion driven by charge ordering has been observed in the cathode spinel material LiMn 2 O 4 near room temperature.
36
The Zn 0.8 Cu 0.2 Cr 2 O 4 unit cell contracts with decrease in temperature as reflected in Fig. 10 (b) . There is a slight change in slope of the unit cell volume at the structural distortion temperature. This small change in slope of the cell volume at 110 K and the broad heat capacity anomaly of Zn 0.8 Cu 0.2 Cr 2 O 4 suggest it undergoes a second-order structural distortion.
The AO 4 tetrahedra of the cubic phase of Zn 0.8 Cu 0.2 Cr 2 O 4 are distorted in the orthorhombic phase. Specifically, a single A-O distance is preserved • and 105.99
• emerge from the ideal tetrahedral angle 109.47
• of the cubic phase. The overall effect of these angle distortions in Zn 0.8 Cu 0.2 Cr 2 O 4 is a compression of the tetrahedra. This is illustrated in Fig. 11 (a) where the ideal AO 4 tetrahedra of the cubic phase leave small voids in the surrounding CrO 6 network while the flattened AO 4 tetrahedra of the orthorhombic phase completely fill the tetrahedral voids [ Fig. 11(b) ]. The compression of AO 4 tetrahedra is similar to the flattening of CuO 4 tetrahedra in the orthorhombic phase of CuCr 2 O 4 .
18
The AO 4 distortions of Zn 0. Combined average and local structure studies can distinguish whether Jahn-Teller distortions occur spontaneously at the average structure distortion temperatures of Zn 0.9 Cu 0.1 Cr 2 O 4 and Zn 0.8 Cu 0.2 Cr 2 O 4 or whether local distortions of CuO 4 tetrahedra persist in the cubic phases of these materials with these distortions becoming cooperative at the Jahn-Teller distortion temperature. In Figure 13 we model the room temperature pair distribution functions of Zn 0.9 Cu 0.1 Cr 2 O 4 (a) and Zn 0.8 Cu 0.2 Cr 2 O 4 (b) to the cubic average structure model F d3m and to the Jahn-Teller distorted orthorhombic F ddd structure. At room temperature, the cubic F d3m fit yields slightly larger goodness-of-fit parameters compared to the lower symmetry F ddd fits [ Fig. 13 (c)  and (d) ]. The better description of the local structure of these compounds at room temperature by the lower symmetry structural model suggests that local CuO 4 distor- (Fig. 14) . This suggests that there are local distortions in Zn 0. Compounds with dilute A site spins have broad heat capacity features suggesting remanent disorder in these materials. We find that spinJahn-Teller ordering is extremely sensitive to spin disorder while Jahn-Teller ordering is robust, and occurs even when only few Jahn-Teller active cations are substituted into the spinel structure. 
